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Solar cells have experienced a rapid performance enhancement and price reduction in 
recent years, thanks to the technology innovation and governments’ incentives. However, the 
growth of solar cell installation annually is still slow and it only accounts for 1~2% of 
electricity generation globally. The slow processing and high capital cost limit the rapid 
expansion of solar cell market based on current technologies.  
Solution processable perovskite solar cells developed in the most recent decade hold the 
premise of low cost and rapid fabrication. Its efficiency increases dramatically from 3% in 
2009 to 23.7% in 2018, being the record for all kinds of thin film solar cells. However, the high 
performance is obtained from tiny sized devices (< 10 mm2) by non-scalable spin-coating 
methods. The development of larger area perovskite solar modules by scalable fabrication 
methods lag far behind with efficiencies around 10%. The perovskite solution flow/drying 
dynamics, and perovskite crystallization in a scalable solution coating process are very 
different from spin-coating so that it becomes increasingly important of developing scalable, 
large area perovskite film coating methods. If high quality perovskite films can be obtained by 
scalable coting method with small area efficiency over 20%, the efficiency of perovskite solar 
modules (typically > 10 cm2) could go beyond 17.0% with efficiency loss from increased series 
resistance of larger sized transparent conductive electrode, being at the same level as 
commercialized silicon solar modules. 
iv 
In this dissertation, studies are focused on blade coating of perovskite films. Blade coating 
is one kind scalable coating method. It is compatible with other scalable coating process such 
as slot die coating, gravure coating, but it also has the advantages of simple set-up and freely 
tunable coating parameters (speed, temperature, thickness, etc.). Therefore, it is very suitable 
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1.1 The motivation and history of perovskite solar cells 
Solar cells convert solar power directly to electric power by the photoelectric effect, 
which study is dated back to over a century ago. Solar cells became practical in the 1950’s 
with primary application for powering space satellites. In recent years, the development of 
clean and renewable energy draws much attention for replacing fossil fuel and reducing 
greenhouse gas emission. Solar cells, or photovoltaic (PV) technologies, represent one of the 
most promising clean energy resources with the advantages of widely available, zero 
emission in operation, and inexhaustible. Currently, silicon solar cells have been dominating 
the PV market with over 90% market share and a price lower than $0.5/W, being comparable 
to oil price.1 However, if one compare the PV electricity generation to the overall electricity 
generation globally, the PV contribution can almost be ignored (a share of 1.3% in 2016).2, 3 
This is due to slow PV installation annually (e.g. 76.6 GW in 2016), as silicon and other 
commercialized PV are fabricated with high temperature and high vacuum processes, which 
leads to extremely low fabrication rates and high capital costs. The latter discourages 
investments and then further hampers market expansion. It was predicted that based on 
current PV technology and market incentives, 30 years later by 2050 the share of PV 
electricity generation can only increase to 18% with a moderate annual installation of 175 
GW.4 
It appears that revolutionary PV technology is in demand, if people decide to take more 
clean energy directly from the sun. A rapidly expanding PV technology would promote the 
development of clean energy powered products, such as electric cars. This so called “high 
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electrification future” would in turn stimulate the PV technology development and promote 
its expansion of energy market share, to eventually replace as high as 50% fossil fuel energy 
consumption globally by 2050 with annual installation of 1780 GW, which is more than one 
order of magnitude higher than the current PV installation scale.4   
Solution processable solar cells, as a group of emerging PV technologies, feature the 
advantages of low temperature, ambient environment processing so that they can be 
fabricated with extremely high speed as printing newspapers and unprecedently low capital 
costs. Therefore, they hold great promise of rapid expansion of energy market share. Based 
on this idea, organic solar cells and dye sensitized solar cells have been proposed and 
developed steadily in the latest 30 years.5, 6 The device structure of the two types of solar 
cells are shown in Figure 1.1a and b. Despite different processing and materials, the two 
technologies are similar in structure and principle: they feature nanostructured photoactive 
layers with increased interface area for efficient charge separation at interfaces, due to the 
limited charge separation/transportation of the solution processable photoactive materials.7-11  
 
Figure 1.1 Devices structures of (a) dye-sensitized solar cells, (b) organic solar cells, (c) 
perovskite solar cells derived from dye-sensitized solar cells, and (d) perovskite solar cells 
derived from organic solar cells. 
In 2009, a new type of solution processable photoactive material-organic-inorganic-
3 
hybrid lead halide perovskites-finally bring the two technologies together.12-15 Hybrid 
perovskite materials are mainly composed of organic cations of methylammonium ion (MA+) 
and/or formamidinium ion (FA+), halide anion of I-, Br-, and Cl-, and lead (Pb2+) and/or tin 
ions (Sn2+) (Figure 1.2). Later development of perovskite solar cells introduced inorganic 
cations of Cs+ for improving the thermal stability of perovskite materials, and large sized 
organic cations such as n-Butylammonium and phenylethylammonium ions for forming two-
dimensional perovskite materials.16-19 
 
Figure 1.2 Crystal structure and chemical composition of organic-inorganic hybrid perovskite. 
Perovskite solar cells were firstly developed in the form of dye-sensitized solar cells 
where perovskite nanocrystals were loaded into the mesostructured titanium dioxide layer 
(Figure 1.1c).15 It was then quickly discovered that perovskite materials have not only high 
absorption coefficient, but also superior charge separation/transportation capability.20-22 It 
implies that the meso-structure for promoting charge collection of photoactive material with 
low charge separation/transportation efficiency is not a necessary for perovskite. Therefore, 
the first planar structured perovskite solar cells were developed in 2014 in the form of an 
organic solar cell where the perovskite layer is sandwiched by organic electron (ETL) and 
hole transporting layers (HTL) (Figure 1.1d).23-25  
Nowadays, after almost 10 years of development, the efficiency of perovskite solar cells 
has rocketed to 23.7%, being the highest value among various thin film PV technologies.26 In 
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addition to high efficiency, the stability of perovskite solar cells under operation have been 
improved as well.27-32 Perovskite photovoltaics show wide range of applications including 
tandem photovoltaics by itself or combining other solar cell technologies,33-36 flexible solar 
cells,37 and concentrator solar cells38 by various solution, vacuum, or other deposition 
processes.28, 39 Such achievement should be attributed to not only the superior properties of 
perovskite materials, which will be discussed in the next section, but also pioneering 
developments of organic and dye-sensitized solar cells which incubated plenty relevant 
theories, methods, facilities, and research groups all over the world.40 The planar structured 
perovskite solar cells have been proven to be at least as efficient as meso-structured 
perovskite solar cells, and it is more suitable for scalable fabrication because it doesn’t 
require high temperature sintering of mesoporous titanium dioxide, which is generally 
required by the meso-structured counterparts.41, 42   
1.2 The properties of perovskite solar cells for scalable fabrication 
The hybrid perovskite materials are unique in that they are ionic materials, whereas the 
current market is dominated by covalent semiconductors such as silicon, cadmium telluride 
(CdTe), gallium arsenide (GaAs), etc. The much smaller bond energies of ionic 
semiconductors may bring about very different properties to perovskite, such as easier 
processing. After 10 years of development, many unique properties of perovskite solar cells 
that distinguish them from other commercialized and emerging solar cells have been 
discovered and many initially mysterious phenomena observed in perovskite solar cells (e.g. 
hysteresis) are being solved. Several important properties of perovskite materials/solar cells 
are listed below, and their relevance to scalable fabrication is discussed. 
1.2.1 Solution process-ability 
Organic- inorganic halide perovskite materials are mainly composed of Pb2+, Sn2+, I-, 
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Br-, Cl-, Cs+, MA+, and FA+ ions, therefore high polar solvents can be used to dissolve the 
perovskite precursor materials (Figure 1.3a). Typical solvents include dimethylformamide 
(DMF), dimethyl sulfoxide (DMSO), -Butyrolactone (GBL), and N-Methyl-2-pyrrolidone 
(NMP) (Figure 1.3b). They can form stable perovskite solutions in high concentrations of ~1 
M. Based on the precursor solutions, scalable solution coating processes such as blade 
coating, slot die coating, spray coating have been developed for fabricating perovskite solar 
cells and modules.43 The Lewis basicity has been proposed as an important factor for 
choosing appropriate perovskite solvent.44, 45 Generally, more basic solvents have stronger 
coordination ability to Pb2+ and therefore can more effectively affect the perovskite 
dissolution and crystallization processes. The importance of solvent coordinating ability will 
be discussed in Chapter 5. 
 
Figure 1.3 (a) Photographic image of a typical perovskite solution. (b) Molecular structures of 
common perovskite solvents. 
1.2.2 Easy crystallization, self-healing, and defect tolerance 
The hybrid perovskite materials show ease of crystallization, and low activation energies 
of bond breaking and ion migration as compared to covalent solar cell materials.46, 47 
Crystallization could happen spontaneously upon solvent removal even at room temperature 
during thin film coating.48, 49 Ultra-fast, high quality single crystal growth of perovskite from 
solution is also observed under a moderate temperature of around 100 C with a rate of tens 
of cubic millimeters per hour.50-52 The easy crystallization property is advantageous for low 
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energy and fast deposition of perovskite thin films for scalable fabrication of solar panels. 
Annealing free perovskite films have achieved efficiency of over 18.0%. Alternatively, 
ultrafast crystallization within several seconds to 1 microsecond has been realized by high 
energy input such as pulsed light sintering.53-55 Low processing temperature (<150 C) of 
perovskite materials also makes their fabrication on polymer substrates for flexible solar 
panel possible.56 While flexible solar panel made of traditional inorganic solar cells remain a 
challenge, because of their high processing temperature (e.g. 500 C) that does not 
compatible with polymer materials. 
Because of the easy crystallization even at room temperature, hybrid perovskite 
materials also exhibit self-healing during storage at time scales of minutes to hours. It was 
observed that the degraded perovskite solar cells under continuous light illumination can fully 
recover to its initial status within tens of minutes.57 The authors proposed that some trap 
states accumulate in perovskite layer under continuous light illumination that degrade device 
performance but dissipate away when resting in dark. The recovery time is shortened or 
elongated by increasing or decreasing temperature around room temperature, suggesting 
thermally activated self-healing process around room temperature. Similarly, people observed 
in bromide perovskite single crystals (e.g. MAPbBr3) that laser pulses induced damage can 
fully recover within one to tens of hours.58 A sub-bandgap two-photon microscopy is used to 
damage and observe the recovery in the bulk of single crystals 50 m below the surface, to 
make sure that the self-healing is independent of external environment. Combined with the 
fact of easy crystallization, it makes fast and low energy perovskite processing possible, 
which would otherwise result in high density of charge traps that compromise device 
performance.  
However, there is a debate as whether perovskite is self-healing material, or it is simply 
defect tolerant.59, 60 Studies showed that perovskite generally have shallow traps (close to 
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conduction or valence band), which do not adversely affect device performance.61, 62 The 
formation energies for deep traps are much higher (> 3 eV) and therefore are rare. Besides, it 
is generally reported that perovskite materials have high tolerance to impurity and non-
stoichiometry. In fact, a lot of impurities are found to be even beneficial for improving 
perovskite film quality, additive engineering is therefore an increasingly hot topic in 
perovskite solar cells.63, 64 Certain types of metal ions, rare earth ions, molecules, and 
polymers in the bulk of perovskite thin films have all been reported to improve perovskite 
solar cell efficiency and/or stability, with various mechanisms including improving 
crystallinity and phase purity, suppressing ion migration, passivating charge traps, increasing 
mechanical strength, enhancing moisture resistance, etc.64-71 Additives are probably the most 
convenient yet effective tool to improve perovskite device performance without sacrificing 
fabrication efficiency. The high tolerance to impurities also makes it possible to fabricate 
perovskite devices without the strict control of raw material purity and doping level required 
by conventional optoelectronics, such as silicon solar cells, further reducing fabrication 
costs.72  
Lastly, it has been observed that halide perovskite exhibit higher radiation (-ray, proton, 
and electron) stability than inorganic solar cells. 73, 74 This property has been ascribed to their 
defect tolerant property, or low crystallization energy that radiation generated defects will be 
eliminated under operation temperature. Therefore, perovskite solar panels or related 
optoelectronics such as photo-detectors and radiation detectors could find applications in 
severe radiation environments.75, 76 
1.2.3 Strong absorption, efficient charge separation and transportation 
Lead halide perovskites have strong absorption coefficient closing to 105 cm-1 around 
the peak of AM 1.5 G solar spectrum, being the highest among various solar cell materials.14 
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It was experimentally optimized that a perovskite active layer of thickness of 300-500 nm is 
large enough for enough absorption of AM 1.5G simulated solar illumination. For 
comparison, the typical thicknesses of CdTe, CIGS, and GaAs as photoactive layers in solar 
cells are several micrometers, and silicon can be as thick as several hundreds of micrometers. 
A thinner active layer without sacrificing light absorption allows lighter weight and better 
flexibility for flexible solar panels.  
Due to high relative permittivity (>20), perovskite materials have small exciton binding 
energies (e.g. 45 meV for MAPbI3) which are often within room temperature thermal 
activation (25.7 meV).77, 78 Therefore, perovskite materials are anticipated to have efficient 
electron-hole pair (exciton) separation upon their generation by illumination, behaving like 
inorganic solar cells rather than organic or dye-sensitized solar cells. The free charge rather 
than excitonic behavior of perovskite solar cells have been experimentally observed.79, 80 The 
results suggest that perovskite materials combine the advantage of easy fabrication of organic 
semiconductors and the advantage of efficient exciton dissociation of inorganic 
semiconductors, leading to low cost and high efficiency solar cells. This behavior also 
explains why perovskite solar cells work well with a simple planar structure and do not 
require a nanostructured photoactive layer, as is the case for organic solar cells (with bulk 
heterojunction photoactive layer) or dye-sensitized solar cells (with mesoporous TiO2 loaded 
with dye molecules). 
In addition to strong absorption, charge generation and dissociation, perovskite materials 
further exhibit efficient charge transportation. For polycrystalline perovskite layers, the 
diffusion lengths for both electrons and holes can be over one micrometer, which is beyond 
the absorption depth of several hundreds of nanometers.21, 22 For perovskite single crystals, 
because of improved crystallinity and reduced charge traps, the diffusion length for electrons 
and holes are found to be greater than 175 m under one sun illumination and 3 mm under 
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weak light illumination.81 A large diffusion length, together with large absorption coefficient, 
implies that there is no stringent requirement on the thickness of perovskite layer for efficient 
solar cells. It is beneficial for scalable perovskite solar panel fabrication. For example, the 
pin-hole formation due to contamination of substrate is a long-standing problem for solution-
processed solar cells. For perovskite, it can be intentionally coated thicker (e.g. 1 m vs 300 
nm) to reduce the chance of pin-hole formation during scaled-up fabrication without 
compromising solar cell efficiency.5 But this strategy is not applicable for organic solar cells, 
whose efficiency would decrease quickly as thickness increases. 
1.2.4 Low young’s modulus, small thermal expansion, flexible device 
Hybrid perovskite materials are a group of “soft” materials. The linear thermal 
expansion coefficient () of MAPbI3 is almost one order of magnitude larger than the other 
inorganic solar cell materials and is closer to that of polymer materials (Figure 1.4a).82 
Similarly, the young’s modulus is closer to polymer materials and is one order of magnitude 
smaller than inorganic solar cell materials (Figure 1.4a).83, 84  
It means that perovskite materials are mechanically like organic materials, therefore, 
they can be easily integrated with organic materials for novel device fabrication. An 
important example is perovskite flexible solar panel produced from large scale roll-to-roll 
fabrication, where perovskite materials are to be deposited on flexible substrates generally 
made from polymers such as polyethylene naphthalate (PEN), polyethylene terephthalate 
(PET), or polyimide (PI). Matched thermal expansion coefficient between perovskite and 
substrate predicts that perovskite flexible solar panels would suffer less from thermal stress 
induced failure, such as delamination, than other inorganic solar cells on flexible polymer 
substrates. Such thermal stress will come from fabrication, such as thermal annealing, and 
field operation because of temperature cycling from day to night. 
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In addition, due to the softness of perovskite, mechanical (knife) or laser scribing can 
easily remove perovskite thin film at desired locations to pattern thin films, which is very 
important for high throughput fabrication of perovskite solar modules.85 In a thin film solar 
module, the photoactive layers need to be patterned into array of small area sub-cells 
connected in series to reduce the overall photocurrent and then to minimize ITO resistance 
induced power loss. Both mechanical and laser scribing have been demonstrated to be able to 
realize fast patterning.85, 86  
Because of their compatibility to polymer substrates, flexible perovskite solar cells 
demonstrated the highest specific power (power per weight) among various solar cell 
technologies in 2015 (Figure 1.4b).87, 88 The inorganic solar cells with record efficiencies are 
generally not compatible with thin polymer substrates.89-91 Organic solar cells can, but their 
efficiencies (certified 15.6%) lag far behind that of perovskite solar cells so far.26 
 
Figure 1.4 (a) Linear thermal expansion coefficients () of different solar cell materials and 
substrates as a function of Young’s modulus. (b) Specific power of various solar cells fabricated 
in lab and commercially available.  
1.3 The scalable fabrication of perovskite solar cells and challenges 
Because of above discussed properties of perovskite relevant for scalable fabrication 
(low temperature solution processing and high defect tolerance), manufacturing perovskite 
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solar panels will be much less capital-intensive and can be done at a much larger scale than 
current crystalline silicon and thin film technologies. Ambient processing also implies 
smaller environmental impact while expanding manufacturing. Considering a standard one 
sun illumination intensity of 1000 W/m2 and a roll-to-roll coating line that produces 
perovskite modules one meter wide with efficiencies of 18%, an annual production capacity 
is 0.57 GW with a fabrication rate of 100 mm/s. This rate is already within reach by 
perovskite scalable deposition methods reported recently.92-94 Even higher fabrication rates 
up to 1 m/s— and thus annual production capacities up to 5.7 GW- could be anticipated, as 
will be discussed in the following sections that, in principle, the coating speed has no impact 
on perovskite film quality under high coating speed conditions. Apparently, the deposition 
rate of perovskite layer represents the upper limit of overall productivity of perovskite solar 
modules. Other fabrication steps such as deposition of charge transport layers and electrode, 
laser scribing, encapsulation, etc. determine the lower limit. 
 
Figure 1.5 Schematic illustrations for (a) spin-coating, (b) blade coating, (c) slot die coating, 
(d) gravure coating of perovskite films.  
Schematic illustrations of several typical perovskite solution coating methods are shown 
in Figure 1.5, including non-scalable spin-coating, and scalable blade coating, slot die 
coating, and gravure coating. To date, most efficient perovskite solar cells are fabricated by 
spin-coating. A drop of perovskite solution is dripped to the substrate pre-coated with 
electron or hole transporting materials, depending on the device structure, and then the 
substrate starts spinning to spread the solution evenly over the substrate and spin off excess 
solution to get suitable wet film thickness. The centrifugal force plays the critical role in spin-
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coating for generating uniform perovskite film with suitable thickness, the technologies 
developed in spin-coating is therefore generally not transferrable to scalable solution coating 
processes as there is no centrifugal force any more. 
Table 1.1 Boiling points and vapor pressures of different solvents 
Solvent Boiling point 
(C) 













Isopropanol (IPA) 82.6 4240 
Toluene 110.6 2900 
Chloroform 61.2 25900 
In the scalable solution coating process, perovskite solution is applied to the substrate by 
methods illustrated in Figure 1.5b-d and then drying on the substrate to get perovskite film. In 
blade coating, the solution is firstly applied to the front of a blade, which then moves over a 
substrate and spread the solution on it. It should be noted that the blade for blade coating is 
not necessarily a sharp blade for cutting things but is often just a metal or ceramic block/sheet 
with a smooth surface facing the substrate (for obtaining smooth solution film) and an 
adjustable distance to the substrate (for controlling solution film thickness). In slot die 
coating, solution is also spread over the substrate by a blade like tool, but solution is 
continuously supplied through a slit in the blade to the substrate so that the solution film 
thickness can be sustained over the entire coating distance. Similarly, in gravure coating, 
solution is spread over the substrate by a cylinder. The cylinder is half-immersed in a solution 
reservoir that by rotating it continuously takes solution from the reservoir to the substrate. 
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However, the fabricated large area perovskite solar modules by scalable methods have 
efficiencies around 10%, which lags far behind that of over 20% by spin-coated devices.43 
The 50% efficiency gap between small area solar cells and large area solar modules is much 
larger than that observed in other commercialized solar cell technologies (<20%).43 It 
indicates that in addition to efficiency loss from electrode resistance and dead area in module 
fabrication, which largely account for the 20% gap in mature technologies, there is still a 
huge gap in the perovskite film quality between well-developed spin-coating method and 
scalable coating methods.5 
The challenges are mainly from perovskite solvents, which generally have low volatility 
but high surface tension, as compared to common organic solvents (Table 1). It is noted that 
due to the low volatility of solvents, perovskite solution can remain wet for a long distance in 
a continuous coating line when the coating is performed in an industrial relevant speed (e.g. > 
10 mm/s), as is shown in Figure 1.6.92, 93 The final perovskite film quality (in terms of 
smoothness, compactness, crystallinity, etc.) is then determined by how the solution film is 
drying on the substrate, while the tools that apply perovskite solution to the substrate (by 
blade, slot die, gravure, or even spray nozzle) have little (if there is any) control over film 
quality. The effect of the blade coater on film quality was previously observed when the 
coating speed is as low as 0.012 mm/s.95 Therefore, different scalable coating methods share 
the same challenge. Methods developed in one scalable coating process can be applied for 
other scalable processes.  
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Figure 1.6 Schematic illustrations for (a) low speed and (b) high speed blade coating of 
perovskite films. 
Slow drying of perovskite solution not only limits the film deposition rate but also leads 
to poor perovskite film morphology. In a slow drying process, perovskite solution does not 
directly convert to crystallized perovskite film, but instead firstly convert to an intermediate 
phase composed of perovskite precursor materials and solvent molecules, due to the generally 
strong coordinating ability of perovskite solvents to Pb2+ (so that perovskite precursor 
materials can be dissolved). Perovskite phase is obtained by phase transformation from the 
intermediate phase upon releasing of the coordinated solvents.96, 97 The morphology of 
perovskite film follows that of the intermediate phase crystals, which tends to grow into large 
crystals with voids in between. Therefore, such an intermediate phase templated perovskite 
film formation during scalable coating process usually leads to rough and porous 
morphologies, being destructive for efficient perovskite solar panels. 
Heating, air/N2 blowing, anti-solvent bathing, and vacuum pumping are four main 
techniques proposed for scalable coating of perovskite films, as are schematically shown in 
Figure 1.7.92, 98-101 One can see that the idea of all the techniques is facilitating the removal of 
perovskite solvent and speeding up drying process. It should be noted that Figure 1.7 uses 
blade coating as the example, but those techniques can be applied for all above mentioned 
scalable coating methods. 
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Figure 1.7 Schematic illustrations for applying heating, gas blowing, anti-solvent bathing, and 
vacuum pumping in scalable solution coating of perovskite film. Here blade coating is taken 
as the example of scalable coating. 
In addition, the high surface tension of perovskite solution will cause severe de-wetting 
problems when coating on substrates without large enough surface energy, such as organic 
hole transporting layer coated ITO/glass.93 The local variation of surface tension of 
perovskite solution during drying may induce microscale flows such as Marangoni flows that 
lead to non-uniform deposition of perovskite film.93, 102 
Chapter 2 will discuss raising coating temperature to promote solvent evaporation. The 
critical role of temperature on perovskite crystallization process (direct crystallization from 
solution vs mediated crystallization from intermediate phase) has also been observed and 
investigated. Chapter 4 discusses the important effect of surfactant additives for improving 
wetting of perovskite solution to hydrophobic substrate and maintain uniform solution film 
drying. The existence and suppression of micro-scale solution flow has been observed as 
well. Chapter 5 introduced new types of perovskite solvents with much higher volatilities but 
lower coordinating ability that facilitate fast drying and direct crystallization of perovskite at 
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room temperature. Combined with nitrogen blowing, this method results in the fastest 





CHAPTER 2: Preliminary optimization of blade coating of perovskite films 
2.1 Motivation 
Blade coating is chosen as the methods for exploring the scalable fabrication of 
perovskite solar panels. Blade coating is highly relevant to slot die coating and gravure 
coating, which are mature industrial scale roll-to-roll solution coating techniques. As 
discussed above, the methods developed in blade coating of perovskite film can be applied in 
slot die coating and gravure coating. On the other hand, blade coating is more suitable for 
lab-scale initial study, because of its simple set-up.98 Because the dissertation aims at fast 
deposition of perovskite film, blade coating at higher speed will be the focus of study.  
To obtain preliminary experiences on blade coating of a smooth and compact perovskite 
film with suitable thickness and crystallinity, several key parameters including coating speed, 
substrate temperature, solution concentration, and distance between blade and substrate have 
been investigated. It is observed that the substrates temperature determines perovskite film 
morphology, an elevated temperature is critical for the formation of smooth, pin-hole free 
perovskite films.98 On the other hand, the thickness of the perovskite films by doctor-blade 
coating was controlled by perovskite precursor solution concentration, blading speed and the 
spacing of the doctor-blade and the substrates. In the following sections, the effects of each 
parameters on perovskite film quality will be discussed in detail. 
2.2 Experiments and results 
A very simple set-up of blade coating made of glass slides is shown in Figure 2.1a. The 
whole set-up can be mounted on a hotplate so that blade coating can be performed at 
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increased temperatures. There is also commercialized blade coater available, with a smooth 
surface and precisely adjustable distance to substrate, as shown schematically in Figure 2.1b. 
Such blade coater can be moved by hand or a motorized arm with adjustable speed. The 
substrate can be heated during blade coating.  
The precursor solution was PbI2 and methylammonium iodide (CH3NH3I, MAI) 
dissolved in dimethylformamide (DMF). MAI was either homemade and purified by 
recrystallization or purchased from Dyesol. PbI2 and DMF were purchased from Sigma 
Aldrich. 
In the coating process by using the simple set-up shown in Figure 2.1a, a precursor 
solution was dropped onto hole transport material covered ITO substrates, and swiped 
linearly by a glass blade at different speeds. A high deposition speed is attractive in 
fabricating large area perovskite solar panels with a high throughput. Typically, <10 μL of 
precursor solution was used for a 2.25 cm2 substrate.98 This was much lower than 50–100 μL 
typically used for the spin-coating of the same perovskite solution over the same area 





Figure 2.1 Schematic illustration of a blade coating set-up made of glass slides.98 (Reproduced 
by permission of The Royal Society of Chemistry) b) A commercialized blade coater with 
smooth surface and adjustable distance between blade and substrate.  
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2.2.1 The effect of coating temperature 
When the ITO substrate was held at a temperature much lower than the boiling point of 
DMF (153 °C), the perovskite film drying time was too long, and the films were very rough 
and discontinuous.98 As shown by the scanning electron microscopy (SEM) images in Figure 
2.2a, the perovskite films formed at 100 °C have both fibrous morphology and island 
morphology. There are wide gaps on the scale of several micrometers in the region of fibrous 
morphology. A perovskite solar cells made with such a film yielded very low device PCE 
below 7%. In contrast, when the ITO substrate was held deposited at 125 °C, the perovskite 
films dried much faster and are clearly much more continuous and smoother (Fig. 7b). Only 
island morphology is observed.98 Very high temperature (e.g. > 150 C) is avoided because it 
might cause the rapid decomposition of CH3NH3PbI3 (MAPbI3).  
To understand why fibrous morphology would appear at lower coating temperature, the 
film formation process is observed in-situ during blade coating.93 The set-up of an in-situ 
optical microscopy stage is shown in Figure 2.2c. Illumination is applied to the blade coating 
sample from below, and a 50 X microscope with long focus distance (~1 cm) is coupled with 
a high-speed microscopy camera to observe and record the blade coating process from above. 
The blade coater remained stationary, and the substrates were pulled below the blade coater 
to perform blade coating process. 
Here, a pair of polarizers that oriented perpendicular to each other were put before and 
after the sample along the light path. The observing field will be black because the polarized 
light come from the first polarizer is not allowed to pass the second polarizer. However, when 
the polarized light passing through a transparent crystallized material, its polarizing direction 
will be slight rotated so that part of light can pass the second polarizer and then be observed. 
Therefore, only crystallized materials that are transparent in the visible range will show up in 
the polarizing microscopy.  
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We observed that when the substrate temperature is below 100 C, those fibrous 
structures showed up in the microscopy and then disappeared (Figure 2.2d). It suggests that 
those structures were a crystallized intermediate phase composed of perovskite precursor 
materials and solvent molecules. The samples were collected and characterized with X-ray 
diffraction (XRD) spectroscopy. The obtained XRD pattern agrees with theoretically 
calculated pattern of intermediate phase reported previously, confirming our results. The 
intermediate phase disappeared in the polarizing microscopy later because they went phase 
transformation into perovskite, which absorbs illuminating light so that it cannot be observed. 
In contrast, when the substrate temperature is above 120 C, the intermediate phase cannot be 
observed at all, and the observing field remain dark throughout the blade coating process 
(Figure 2.2e). It means that when the coating temperature is elevated, direction crystallization 
of perovskite from solution is promoted. Without the fibrous structured intermediate phase 
that templated the perovskite morphology, perovskite film is much more compact and 
smoother (Figure 2.2f). It is noted that the perovskite film has island-like morphology. The 
gap between “islands” could still lead to short-circuit of perovskite solar cells, especially for 
large area solar panels. The formation mechanism and suppression of such “island” structure 
will be discussed in Chapter 4.  
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Figure 2.2 Scanning electron microscopy images of perovskite film blade coated at (a) 100 C 
and (b) 120 C.98 (Reproduced by permission of The Royal Society of Chemistry) (c) 
Schematic illustration of the set-up for in-situ observation of blade coating of perovskite film 
by polarizing optical microscopy. Polarized optical microscopic images of perovskite solution 
film coated at (d) 100 C and (e) 120 C.93 (Reproduced by permission of SpringerNature) (f) 
Schematic illustration of perovskite film formation process during blade coating at low and 
high temperatures. 
2.2.2 The effect of coating speed 
Next, the effect of blade coating speed is studied. A blade coater shown in Figure 2.1b 
was placed on a plate with a motorized arm that pushes the blade coater at speeds from 1 
mm/s to 99 mm/s.93 The coating temperature was 145 C and the solution concentration is 1 
M. The thicknesses of blade coated perovskite films were then measured by a profilometer, as 
shown in Figure 2.3. As coating speed increases from 1 mm/s to 10 m/s, the film thickness 
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decreases from over 2 m to below 500 nm. When the speed further increases to 99 mm/s, 
the film thickness starts to increase to over 1 m.93  
The results suggest that, firstly, the perovskite film thickness is highly dependent on 
blade coating speed. Therefore, when blade coating speed is changed, one should be aware of 
the thickness change. Secondly, there are two different blade coating mechanisms divided by 
coating speed, which resembles that in dip-coating process. The dependence of film thickness 
(t) on the speed of blade coating (v) is written as: 
t vn 
where n is the exponent.103, 104 When the blading speed is below 4 mm/s, the exponent is 
-0.99 that indicates blade coating is in evaporation mode where the ink dries right after blade 
moves away from the ink surface, and thus evaporation of the ink meniscus between blade 
and substrate governs the solute deposition. He et al. has demonstrated that high quality 
perovskite films can be formed in this blading mode using high boiling solvent, yielding a 
device efficiency close to 20%, however the very slow coating rate of 0.012 millimeter per 
second (mm/s) limits its practical application.95 The perovskite film thickness is inversely 
related to blade coating speed is because the perovskite deposited during a given period (how 
much perovskite material is obtained by drying) is only determined by solvent evaporation 
rate but is irrespective of coating speed. Therefore, when evaporation rate remains constant 
(i.e. temperature remains unchanged), the longer distance the blade coater moves during this 
period (faster coating), the larger area that the given amount of perovskite will be spread, 
then the thinner perovskite film will be. When the blading speed is above 20 mm/s, the 
exponent is 0.64, being very close to 0.66 predicted by Landau-Levich mode theory.103, 104 In 
“Landau-Levich” mode, the blading speed is much faster so that the as-coated thin ink layer 
is still wet right after blading. Here the thickness is positively correlated to blade coating 
speed. This is because the faster the blade coater moves, the smaller viscus drag force by the 
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blade coater will be applied to the solution that more solution stays at substrate, instead of 
being pushed forward by the blade coater.105 For scalable fabrication, it is anticipated to 
develop high quality perovskite films with Landau-Levich mode for fast perovskite solar cell 
production. 
 
Figure 2.3 The perovskite film thicknesses as a function of blade coating speeds.93  
(Reproduced by permission of SpringerNature) 
2.2.3 The effect of coating solution concentration 
It is also observed that increasing the gap between blade coater and substrates, or the 
solution concentration, can also increase perovskite film thickness. However, an interesting 
phenomenon is observed when decreasing the perovskite solution concentration from 1 M to 
around 0.3-0.5 M.106 In this concentration range, the resulted perovskite film is not only thin 
but also becomes discontinuous with concentric ring structures, as are shown in Figure 2.4. 
The rings are composed of perovskite polycrystals. The ring width and spacing between 
adjacent rings are on the order of several hundreds of nanometers and are rather uniform over 
the scope of SEM images. Decreasing solution concentration reduces ring width. Because of 
such periodic nano/micro scale structural patterns where diffraction of visible light will 
happen, the blade coated perovskite films appear vividly colorful when shining by solar 
illumination, like the rainbows observed on optical discs in daily life.  
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Figure 2.4 Photographic images of (a) a blade coated vivid colorful perovskite film and (b) a 
device fabricated with the films. (c) Cross sectional SEM images of the vivid colorful 
perovskite film, showing the height and width of concentric rings, which are composed of 
polycrystalline perovskite. (d)-(e) Reducing perovskite solution concentration from around 1 
M to below 0.3 M leads to the formation of concentric ring structures. The lower the 
concentration, the narrower the rings.106 (Reproduced by permission of The Royal Society of 
Chemistry) 
2.2.4 Device fabrication and characterizations 
We then fabricated normal and vivid colorful perovskite solar cells based on above 
optimization. The as-deposited perovskite films were subsequently thermally annealed at 
100 °C for 60 minutes while undergoing solvent annealing with 10 μL of DMF according to 
our previously reported method. PC60BM or ICBA, dissolved in 2% by weight DCB solution, 
was spin-coated on top of the perovskite layer at 6000 rpm for 35 s. The resulting film was 
further thermally annealed at 100 °C for 60 minutes without solvent annealing. C60 (20 nm 
thick) and BCP (8 nm) were deposited by thermal evaporation. Finally, 100 nm Al was 
deposited with a mask to provide a cell area of 7.25 mm2 for majority of our devices. The 
device structure of blade coated perovskite solar cells is shown in Figure 2.5 a. A 
photographic image of a large area (1 x 1 inch2) solar cell is shown Figure 2.5 b. 
We used simulated AM 1.5G irradiation provided by a xenon lamp (Oriel 67005) to 
measure the photocurrent of our devices. The light intensity was calibrated using a Si diode 
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(Hamamatsu S1133). The current–voltage (IV) relationship was measured using a source-
meter (Keithley 2400), with our standard test procedure of scanning at 0.2 V s−1. The 
external quantum efficiency (EQE) was obtained using a Newport QE measurement kit. The 
photocurrent density-voltage (J-V) curve of the champion small area blade coated perovskite 
solar cell is shown in Figure 2.5 c. The VOC is 1.05 V, JSC is 21.8 mA/cm
2, and FF is 66.0%, 
giving a power conversion efficiency of 15.1%, which is among the highest value obtained by 
scalable fabrication method in the early of 2015, demonstrating the effectiveness of our 
method.107, 108 The EQE of the device is above 85% in a wide range of wavelength and the 
EQE curve is almost flat in the absorption band, as is shown in Figure 2.5 d.  
The vivid colorful perovskite solar cell had a JSC of 18.9 mA cm
−2, a VOC of 0.89 V, an 
FF of 72%, and an efficiency of 12.1%, maintaining 80% of the PCE of the optimized black 
perovskite device. The moderate reduction in the JSC and VOC values compared to the 
optimized black device can be explained by the smaller grain size and thus a higher grain 
boundary density in the colorful films that increases the charge recombination rate. The grain 
growth during the annealing process is spatially limited by the width of each ring, otherwise 
the grains can grow to several micrometers. The colorful perovskite solar cells may be a 
solution for building-integrated-photovoltaics (BIPV) for powering and asthetic purposes.  
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Figure 2.5 (a) Device structure of blade coated perovskite solar cells. (b) Photographic images 
of a blade coated perovskite solar cell. (c) J-V curve of the champion blade coated perovskite 
solar cell in dark (black) and under simulated one sun illumination (red). (d) EQE spectrum of 
the champion blade coated perovskite solar cell.98 (Reproduced by permission of The Royal 
Society of Chemistry) 
2.3 Conclusions 
In this chapter, blade coating of perovskite films by a homemade set-up made of glass 
slides, or a commercialized blade coater tool is realized. Preliminary optimization of blade 
coating process is performed, and optimized ranges of substrate temperature, coating speed, 
solution concentration are obtained. For temperature, lower temperature below 100 C lead to 
the formation of an intermediate phase, which has fibrous structure that results in bad 
morphology of final perovskite film. Higher temperatures above 120 C lead to direct 
perovskite crystallization from solution with greatly improved morphology for fabricating 
solar cells. Coating speed changes perovskite film thickness. With increasing coating speed, 
the thickness firstly reduces and then increases. It suggests two different blade coating 
mechanisms. When reducing solution concentration to below 0.5 M, perovskite film becomes 
discontinuous with highly regular concentric ring structures on the scale of several hundreds 
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of nanometers to several micrometers. Such structurally patterned perovskite films have a 
vividly colorful appearance.  
The champion blade coated perovskite solar cells have an efficiency of 15.1%. The 
colorful devices also have a decent efficiency of over 12.0%. The blade coating method 
developed here is suitable for large area fast deposition of perovskite film for high efficiency 




CHAPTER 3: Composition engineering for blade coated perovskite solar cells 
3.1 Motivations 
In this chapter, the composition of blade coated perovskite solar cells will be optimized 
for improving device efficiency and stability. As shown in Chapter 2, MAPbI3 has an 
absorption onset around 800 nm, that is, solar illumination with wavelength longer than 800 
nm will not be absorbed and converted to electricity. Replacing part of MA cations with FA 
cations can reduce the bandgap and extend absorption to over 800 nm.109, 110 Therefore, 
higher photocurrent and then higher efficiency will be achieved. However, there was a 
challenge to obtain pure perovskite phase of FA cations alloyed FAxMA1−xPbI3 materials as a 
non-perovskite -phase is thermally dynamically favored for FAPbI3 at room temperature.
109, 
110 Despite being addressed in spin-coating of perovskite film, the solution to this challenge 
remain elusive in scalable solution coating process.111  
On the other hand, the stability of blade coated perovskite solar cells was investigated. 
Using aluminum or silver as electrode leads to severe chemical reaction between aluminum 
and perovskite, especially in air.112, 113 The as-fabricated devices degrade soon upon exposure 
to air. Gold electrode is much more inert than aluminum and silver, but its high price inhibits 
its application in low cost perovskite solar panels. An alternative inert but less expensive 
electrode material need to be found. 
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3.2 Experiments and results 
3.2.1 High blade coating temperature induced phase purity 
Figure 3.1a illustrates the blade coating of mixed-cation perovskite FAxMA1−xPbI3 layer. 
Briefly, PbI2, methylammonium iodide (MAI) and formamidinium iodide (FAI) were 
dissolved in N,N-dimethylformamide (DMF) at room temperature at a molar ratio of 
FAI:MAI:PbI2 = x:(1-x):1.
114 Then the solution was dropped on to preheated (100-145 °C) 
substrates on a hot plate, and swiped from the front to the end. The perovskite films dried in 
seconds, and then were removed from the hot plate quickly. 
 
Figure 3.1 (a) Illustration of blade coating of mixed cation perovskite film from precursor 
solution heated by a hot plate. (b)-(c) Schematic diagrams of free energy of -phase and -
phase of mixed cation perovskite at room temperature and 145 C, respectively. (d)-(e) X‐ray 
diffraction patterns for FAPbI3 and FA0.4MA0.6PbI3, respectively, prepared at different blade 
coating temperatures.114 (Reproduced by permission of Wiley) 
We observed that the blade coating method provides a better control for the FAPbI3 film 
formation process due to its facile temperature controlling capability. The black, perovskite 
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-phase of FAPbI3 is at 2θ of 16 in X-ray diffraction (XRD) pattern by Co‐K radiation 
(λ=1.788 Å), and the yellow, non-perovskite -phase is at 2θ of 14.1. It is well known that 
FAPbI3 is thermodynamically stable in -phase at room temperature, and stable in -phase at 
higher temperature.109, 115 The spun FAPbI3 films are often -phase (Figure 3.1b), which 
requires a high temperature annealing (150 C, 10-30 min) process to convert them into -
phase (Figure 3.1c). The doctor‐bladed FAPbI3 films have the desired -phase perovskite 
which can be directly obtained without an additional thermal annealing process, because the 
precursor solution and the substrates can be heated in situ to the temperature that favors -
phase formation (Figure 3.1c). Figure 3.1d shows the X-ray diffraction patterns of pure 
FAPbI3 (x=1) films prepared at different doctor-blading temperature. When the substrate 
temperature was increased from 100 to 140 C, the peak intensity ratio of -phase to -phase 
on the as-prepared film increased monotonously. When the substrate temperature reached 140 
C, the formed film was mainly composed of -phase. It should be noted that though a high 
temperature is still applied during blade coating, the film formation process takes only several 
seconds, which is energy/time-saving and thus suitable for scalable fabrication. 
3.2.2 Phase purity enhancement by perovskite composition tuning 
Pure -phase of FAPbI3 is not suitable for stable device application, because it 
undergoes a slow phase transformation to -phase at room temperature. In addition, it is 
found that the film coverage of pure FAPbI3 on the substrate (Figure 3.2a) is not complete, 
unlike pure MAPbI3, possibly due to the presence of -phase in pure FAPbI3 that influences 
the film morphology, or higher nucleus formation energy and thus slower nucleation rate of 
FAPbI3 as compared to MAPbI3. The phase stability and film coverage problems are 
addressed simultaneously by alloying FAPbI3 with MAPbI3. Specifically, a FA:MA molar 
ratio of 2:3 in the precursor solution resulted in the formation of compact perovskite films 
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with 100% coverage (Figure 3.2c), as compared to the films made at a FA:MA molar ratio of 
4:1, where big gaps between islands presented (Figure 3.2b). In addition, the obtained mixed 
cation perovskite films by blade coating at 145 C could retain its phase purity in ambient 
environment for more than 20 d. It should be noted that though a relatively large percentage 
of MAPbI3 was alloyed, the absorption edge only blue-shifted by ~20 nm as compared to that 
of pure FAPbI3. The band gaps of FAPbI3, FA0.4MA0.6PbI3, and MAPbI3 films calculated by 
Tauc plot from the absorption spectra are 1.51, 1.55, and 1.60 eV, respectively. 
 
Figure 3.2 (a)-(c) SEM images of FAPbI3, FA0.8MA0.2PbI3, and FA0.4MA0.6PbI3 films prepared 
by doctor-blade coating at 145 °C. d) Absorption spectra of FAxMA1−xPbI3 films (x = 0, 0.4, 
0.8, 1).114 (Reproduced by permission of Wiley) 
3.2.3 Device fabrication and characterizations 
Perovskite solar cells based on blade coated mixed cation perovskite layers were 
fabricated with a device structure of indium tin oxide (ITO)/Poly[bis(4‐phenyl)(2,4,6‐
trimethylphenyl)amine] (PTAA)/perovskite/indene‐C60 bisadduct (ICBA)/C60/2,9‐
dimethyl‐4,7‐diphenyl‐1,10‐phenanthroline (BCP)/metal cathode, as is shown in 
Figure 3.3a. The metal cathodes used here were Al, Cu, and Au. The corresponding energy 
diagram is shown in Figure 3.3b. The reason of choosing different metal cathodes is to try to 
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improve device stability, but one first need to make sure alternative metal as the cathode will 
not sacrifice the device performance. It is interesting that though there is a large work 
function difference between Al (4.3 eV) and Au (5.1 eV), the performances of the devices 
based on MAPbI3 photoactive layer were similar under one sun illumination (100 mW cm
−2) 
(Figure 3.3c). They had almost the same short circuit current (JSC) of 19.8 mA cm
−2 and open 
circuit voltage (VOC) of 1.0 V, excepting a lower fill factor (FF) of 63% for the device with 
Au cathode than 70% of Al device. This contrasts with organic solar cells, whose Voc shall 
be reduced by ~0.4 eV when the cathode is changed from Al to Au because of decreased 
built-in potential according to the metal-dielectric-metal model.116-118 However, perovskite is 
different from organic active layer because of its low exciton binding energy and superior 
carrier transportation capability.80, 119 Therefore the anode-cathode work function difference 
appears not so important for the separation and collection of photogenerated carriers as in 
organic solar cells. In fact, it has been shown previously that a simple device structure of 
ITO/poly(3,4‐ethylenedioxythiophene) poly(styrenesulfonate) 
(PEDOT:PSS)/perovskite/phenyl‐C61‐butyric acid methyl ester/Au had an instant Voc of 
0.6 V under one sun illumination, though PEDOT:PSS and Au have nearly the same work 
function.120 The Voc of such device can further increase to over 1.0 eV when the perovskite 
layer's quasi‐Fermi level splitting is enlarged by “light poling” induced self-doping 
effect or electric poling induced doping effect.120-122 Therefore, it is further demonstrated that 
perovskite solar cells performance is mainly determined by perovskite layer's intrinsic quasi-
Fermi level splitting, as is illustrated in Figure 3.3b, and the work function of the material for 
anode/cathode is not essential. Inspired by this, copper was used as the cathode, and the 
corresponding devices showed similar performance to devices with Al or Au as cathodes 
(Figure 3.3c). The slightly improved performance of the device with Cu cathode may be 
explained by the less reaction of perovskite with Cu than Al, which will be shown in the 
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following. A less damage to C60/BCP layer during the deposition of Cu than Au is speculated, 
which explains a better device efficiency of the device with Cu cathode than Au cathode. 
 
Figure 3.3 (a) Illustration of blade coated perovskite solar cell structure. (b) Energy level 
diagram in perovskite solar cell with different metal electrodes. (c) Current density–voltage (J–
V) curves of MAPbI3 devices with Au, Al, or Cu cathode. d) J–V curves of champion MAPbI3 
and FA0.4MA0.6PbI3 devices with Cu cathode. e) External quantum efficiency (EQE) spectra of 
MAPbI3 and FA0.4MA0.6PbI3 devices. f) Stabilized photocurrent output at 0.87 V bias and 
calculated power conversion efficiency (PCE) of FA0.4MA0.6PbI3 device. Inset is the PCE 
statistics of FA0.4MA0.6PbI3 devices.
114 (Reproduced by permission of Wiley) 
The champion cells with Cu cathode based on FA0.4MA0.6PbI3 and MAPbI3 perovskite 
active layers are shown in Figure 3.3d. The MAPbI3 device had a VOC of 1.04 V, JSC of 21.7 
mAcm−2 and FF of 75%, yielding a PCE of 16.9%. The FA0.4MA0.6PbI3 device with extended 
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absorption spectrum to 820 nm had a larger JSC of 23.0 mAcm
−2 without losing VOC (1.03 V) 
and FF (77%), yielding an enhanced PCE of 18.3%. To the best of our knowledge, this is the 
highest reported efficiency for devices fabricated by scalable solution coating method. The 
external quantum efficiency (EQE) spectra in Figure 3.3e show that the increased JSC of 
FA0.4MA0.6PbI3 device as compared to MAPbI3 device indeed comes from extended 
absorption edge from ~820-850 nm, consistent with the absorption measurement. Figure 3.3f 
shows the stabilized photocurrent of the FA0.4MA0.6PbI3 device at the maximum power 
output bias (0.87 V) along with calculated PCE. The photocurrent saturated at ~20.6 mAcm−2 
right after the light was switched on, giving a stabilized PCE of 18.0% which is close to that 
derived from J-V curves. The inset in Figure 3.3f is the PCE statistics of the FA0.4MA0.6PbI3 
devices, which shows good reproducibility of this blade coating method to achieve high PCE 
perovskite solar cells comparable to those spin-coated devices at that time.123, 124 
3.2.4 Device stability with copper electrode and the mechanism 
The air stability of unsealed devices with Cu cathode was evaluated. They were stored in 
ambient environment at ~25 C with relative humidity of 20%-60%, and their performance 
change is summarized in Figure 3.4. Both MAPbI3 and FA0.4MA0.6PbI3 devices showed good 
stability with zero loss of PCE for up to 30 and 20 d, respectively. Interestingly, a steady 
increase of VOC was observed during the initial period of storage in both types of devices, 
leading to PCEs increase at the beginning. This phenomenon may be caused by the reduced 
charge traps in the bulk of perovskite films due to an aging effect. Possible explanations 
include water molecule healing effect on perovskite film as is reported elsewhere.125, 126 In 
addition, the MAPbI3 devices appeared to be more stable than the FA0.4MA0.6PbI3 devices in 
air. It might be related to the fact that the MA cation has one less amino group than the FA 
cation, therefore MAPbI3 is less sensitive to moisture than FA0.4MA0.6PbI3. 
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Figure 3.4 (a)-(d) Variation of PCE, open circuit voltage, short circuit current, and fill factor 
of perovskite solar cells with different composition and cathode metal with number of days 
stored in air at ~25 C with 20%-60% relative humidity.114 (Reproduced by permission of 
Wiley) 
In striking contrast, the PCE of the device with Al cathode dropped to near zero after 
storing it in air for only 2 d (Figure 3.4). It can be ascribed to the fact that perovskite is much 
more stable with Cu than Al (and Ag). When Al or Ag thin films were deposited directly onto 
perovskite films, the metallic films became gray and lusterless in several minutes after 
opening the thermal evaporation chamber and exposing the metal/perovskite stacking layers 
to air (inset in Figure 3.5a). In the XRD patterns of Al/perovskite and Ag/perovskite stacking 
layers there are impurity peaks that cannot be assigned to perovskite, Al or Ag (Figure 3.5a), 
so a strong chemical reaction between them must have occurred. However, the Cu/perovskite 
stacking layer was much more stable. After storing in air for 20 h, the Cu layer on top of 
perovskite film remained shiny and intrinsic “copper red” color, and the XRD pattern of the 
sample does not show any impurity peaks (Figure 3.5a). The cross-sectional SEM images in 
Figure 3.5b shows that the stacking layer morphology of Cu/perovskite on glass substrate is 
clearly defined, with the perovskite layer remaining intact. In contrast, depositing Al on 
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perovskite film ruins the perovskite layer morphology totally. It should be noted that though 
perovskite is more stable with Cu, the reaction between them in the ambient environment 
does occur slowly. The XRD pattern of the Cu/perovskite sample after storing in air for 20 d 
contains impurity peaks. Nevertheless, in real devices an ETL is inserted between perovskite 
and Cu, which can suppress the reaction even at the interface level for more than 20 d, as 
evidenced by the device stability results. 
 
Figure 3.5 (a) XRD of metal (Ag, Al, Cu)/perovskite stacking layers after storing in air for 20 
h. Top left inset shows the sample structure and right column shows photographs of those 
samples. (b) SEM images of pristine perovskite, Al/perovskite, and Cu/perovskite layers on 
glass substrates.114 (Reproduced by permission of Wiley) 
3.3 Conclusions 
A method for the scalable deposition of compact, smooth at grain scale, and pure phase 
of mixed cation (formamidinium (FA) and methylammonium (MA)) perovskite films was 
developed with blade coating method. The mixed cation perovskite is chosen because of its 
lower bandgap for potentially higher device efficiency, as demonstrated by previous studies 
using the nonscalable fabrication process. The compositionally tuned perovskite layer 
extends the absorption onset to 850 nm, resulting in an increased PCE of over 18.0%, which 
is comparable to that of the spin-coated devices. In addition, by replacing Al with Cu as 
cathode the devices stability is improved substantially. While the device efficiencies were 
found to be not sensitive to the metal selection for cathode, due to the superior charge 
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separation and transportation properties of perovskite materials. The unsealed devices stored 
in ambient condition of ~25 C with 20%-60% relative humidity could maintain the 
performance without any PCE loss for up to 20-30 d. 
The freedom of controlling parameters during the initial film formation stage (e.g., in situ 
temperature, precursor stoichiometry) to obtain high quality perovskite films with tunable 
composition demonstrates that the blade coating method can be a good supplement to spin-
coating method, not only from scalable fabrication perspective but also for lab scale research. 
The discovery that Cu can be a more stable cathode metal than Al or Ag without sacrificing 
the device performance paves the way to further improve device long term stability.  
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CHAPTER 4: Surfactants for improving blade coated perovskite films 
4.1 Motivations 
Despite the promising progress made for small area devices by blade coating, a much 
larger variation of device performance for the bladed devices was generally observed than 
spun devices. The non-uniformity of the bladed films makes it very challenging to fabricate 
efficient large area perovskite solar cells while the reported efficiencies for spun larger area 
(~ 1 cm2) perovskite devices are close to 20%. The non-uniformity of the bladed films may 
be caused by the inherent solution flow dynamics, which is not present in spin-coating 
process, because the blade-coating is generally done at higher temperature than spin-coating. 
In addition, the charge transport layer underlying the perovskite film, such as poly(bis(4-
phenyl) (2,4,6-trimethylphenyl) amine (PTAA) and Poly(3-hexylthiophene-2,5-diyl) (P3HT), 
while required to achieve high PCE, impose a significant challenge for blade coating of 
continuous perovskite films. Indeed, they are typically non-wetting to perovskite solution,124 
which reduces the adhesion of the perovskite solution to the underlying layer during the 
drying process. 
To address above challenges, firstly the solution flow dynamics will be studied by in-situ 
observation of blade coating process using a high-speed microscopic camera. Then methods to 
suppress the solution flow will be investigated. The application of a very small amount of 
surfactant additive at the level of tens of parts per million (ppm) into the perovskite ink solution 
will be tried to improve film smoothness and uniformity. Surfactants may be able to alter the 
solution flow dynamics and enhance the adhesion of the perovskite solution to very 
hydrophobic hole transport materials. Surfactants from a variety of categories will be tested. 
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4.2 Experiments and results 
4.2.1 In-situ observation of solution flow in blade coating 
The blade coating of perovskite film using the commercialized blade coater driven by a 
motorized arm is illustrated in Figure 4.1a. The blade coater swipes perovskite precursor 
solution (ink) over a pre-heated substrate (typically 70 C~145 C). As solvent evaporates, 
perovskite precursor material crystallizes into black solid perovskite films. As discussed in 
Chapter 2, the pre-heating of the substrates can speed up blade coating and suppress the 
formation of needle-like structures in the perovskite films, because a fast evaporation of 
solvent may convert the ink directly into perovskites by skipping the needle-like intermediate 
phase. Besides, the chosen blading speed was 50 mm/s or faster which falls in the Landau-
Levich region, aiming at real application. It is indeed observed that the ink was still wet after 
moving away the blade at such a high speed. Due to the high surface tension and non-volatile 
property of most known perovskite solvents as discussed in Chapter 1, the drying of a thin 
ink layer over a large area substrate poses a challenge for depositing compact and uniform 
perovskite films with a thickness of 500-600 nm needed for high efficiency perovskite solar 
cells. Big “islands” with size of 10-200 micrometers assembled from many polycrystalline 
grains are obtained in the bladed perovskite films. There are often large gaps between one 
“island” to the other that causes large leakage current or even failure of blade-coated 
perovskite solar cells. One typical example of a gap is shown in Figure 4.1 d. It is noted that 
the same surface feature is also observed on the film fabricated by other solution-based 
scalable coating methods, such as slot-die coating and spray coating, and even on spin-coated 
perovskite films.55, 123, 127 
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Figure 4.1 (a) Schematic illustration for the in-situ microscopy observation of blade coating of 
perovskite film in the “Landau-Levich” mode. (b) Schematic illustration for the directional 
microscale solution flow towards perovskite domain during ink drying. (c) Schematic 
illustration for the suppressed solution flow dynamics in the presence of surfactant. (d) In-situ 
microscopy observation of the ink layer drying dynamics. (e) Stacking video frames from 1.00 
s to 2.00 s to show the tracks of perovskite intermediate phase particles without LP surfactants. 
(f) The ink layer drying dynamics in the presence of L-α-Phosphatidylcholine (LP) surfactant 
at a concentration of ~20 ppm. g) Stacking video frames from 1.00 s to 2.00 s to show the 
tracks of perovskite intermediate phase particles in the presence of LP surfactants. The scale 
bars in all figures are 20 m.93 (Reproduced by permission of SpringerNature) 
Since the “island” structures only appear in films formed by scalable coating processes, 
it should be related to the different fluid flowing dynamics during drying of the perovskite 
solution.102, 128 To find out how these islands and wide gaps form and thus to find a solution 
to avoid them, a microscopy optical system to observe the in-situ drying process of the 
perovskite solution right after blading is build. The optical system includes a fast-optical 
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microscope camera with a frame rate of 54 frame-per-second (fps). To slow down the drying 
process, N-Methyl-2-pyrrolidone (NMP) was used as the solvent for MAPbI3 which has a 
lower vapor pressure than other common perovskite solvents. A coating temperature of 100 
C was chosen to avoid fast ink drying considering that the boiling point of NMP is 202 C. 
As shown in Figure 4.1 d, during drying of 1 M MAPbI3/NMP solution right after blading, 
particles with diameter of 1~3 µm appeared in the solution at the early stage. These solid-
state particles were identified to be the crystallized MAPbI3•NMP intermediate phase by 
polarized optical microscopy and X-ray diffraction analysis (Figure 4.2). These 
MAPbI3•NMP particles in the perovskite solution served as the tracer to show the solution 
flow direction. It was found that these particles kept nearly stationary within the first second 
after blading, and then started to move when a perovskite island directly crystallized from the 
ink (which bypasses the intermediate phase stage, as discussed in Chapter 2) at approx. 1.00 s 
after blading. The moving directions for four of the particles at different locations are 
highlighted in Figure 4.1 d, showing that they all moved towards the perovskite island. By 
stacking 30 of the video frames from 1.00 s to 2.00 s into one image (Figure 4.1 e), the track 
of each particle is clearly revealed. Figure 4.1 e shows that these particles moved towards the 
perovskite island from all directions. The directional movement of particles continued till the 
formation of the perovskite island completed when the ink dried at 5.00 s after blading 
(Figure 4.1 d).  
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Figure 4.2 (a)-(e) In-situ polarizing optical microscopy observation of blade coating of 
perovskite film using NMP as solvent. (f) Reflection mode of as-blade coated perovskite film 
from the same region as (a)-(e).93 (Reproduced by permission of SpringerNature)  
This observation suggests that there are microscale fluid flows moving towards 
perovskite islands during the drying of the perovskite ink after blading, which is illustrated in 
Figure 4.1 b by both plane view and cross-section view. The transport of perovskite solute by 
the flows toward the center of the islands left partially-filled or empty gaps between the 
islands. Almost same ink drying processes and final morphologies were observed when other 
solvents such as (Dimethyl sulfoxide) DMSO or DMF were used at the blading temperatures 
of 100-145 C as shown in Figure 4.3. Therefore, the solution flow dynamics should be 
general for perovskite inks at a wide blading temperature range, though in many cases 




Figure 4.3 In-situ optical microscopy observations of blade coating of perovskite films using 
DMSO (a) and DMF (b) as solvents.93 (Reproduced by permission of SpringerNature) 
4.2.2 Suppression of solution flow by surfactant additives  
The microscale fluid flows observed should have a driving force which is speculated to 
be induced by evaporation of solvent at the periphery of the perovskite islands. To suppress 
the flows for more uniform perovskite films, it is proposed to add surfactants into the 
perovskite solution. As is well known, surfactant molecules contain both hydrophilic and 
hydrophobic functional groups. They can self-assemble on the surface of solution with 
hydrophobic group pointing to air to reduce the surface tension of the solution, as illustrated 
in Figure 4.1 c. The surface tension reduction was evidenced by the reduced contact angle of 
perovskite solution droplets on non-wetting substrate upon addition of surfactants (Figure 
4.4). When the directional flows transport surfactants to the periphery of perovskite islands, a 
surfactant concentration gradient is established with increasing concentration from solution to 
the island periphery, resulting in a decreasing surface tension gradient in the same direction 
(Figure 4.1 c). Consequently, a “Marangoni flow” driven by surfactant-induced surface 
tension gradient is formed, flowing from island periphery to solution.129 The Marangoni flow 
counteracts with the original flow, resulting in a completely suppressed fluid flow in the 
drying perovskite solution (Figure 4.1 c). 
44 
 
Figure 4.4 Contact angle of perovskite solution with and without surfactants on non-wetting 
substrates.93 (Reproduced by permission of SpringerNature) 
Several types of surfactant were tested, including L-α-Phosphatidylcholine (LP), 
polyethylene glycol sorbitan monostearate (Tween 60), sodium dodecyl sulfate (SDS), and 
didodecyldimethylammonium bromide (DDAB), which are amphoteric, non-ionic, anionic, 
and cationic surfactant respectively, for assisting perovskite blade coating. Their molecular 
structures are shown in Figure 4.5. From top-view scanning electron microscopy (SEM) we 
found that all of them can suppress the “island” structure, though the degree of effectiveness 
varied (Figure 4.5).  
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Figure 4.5 (a)-(e) Plane view and cross-sectional scanning electron microscopy (SEM) images 
of blade coated perovskite films without surfactant and with LP, 
Didodecyldimethylammonium bromide (DDAB), Polyethylene glycol sorbitan monostearate 
(Tween 60), and Sodium dodecyl sulfate (SDS), respectively. The chemical structures of LP, 
DDAB, Tween 60, SDS surfactants are also shown with their hydrophilic group being 
highlighted with red. (f)-(g) A photographic image and surface roughness profiling of blade 
coated perovskite films without and with LP surfactant.93 (Reproduced by permission of 
SpringerNature) 
Among these surfactants, L-α-Phosphatidylcholine (LP), which is an amphoteric 
surfactant, was chosen for optimization, because of its capability to passivate charge traps in 
hybrid perovskites with the charged quarteramonium ions.130 When only ~20 ppm of LP was 
added, the directional movements of intermediate-phase particles toward perovskite islands 
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disappeared, as shown in Figure 4.1 f. Stacking the video frames from 1.00 s to 2.00 s reveals 
no tracks of the motion of the particles (Figure 4.1 g). It should be noted that the in-situ 
microscopy study of Figure 4.1 g is done with using NMP as solvent and a lower coating 
temperature of 100 C, while the SEM images of Figure 4.5 are all from coating with 0.8 M 
MAPbI3/DMF solution at 145 C, which was optimized for device fabrication. Compared to 
the control sample with many island boundaries and gaps (Figure 4.5 a), the film with LP 
added has no such structure (Figure 4.5 b). The control film had a thickness variation from 
1.4 m to 0 m from the island center to the edge, which is a consequence of microflow that 
transports perovskite solute to the center, resulting in the depletion of solute at the edge, i. e. 
a gap (Figure 4.5 a). In striking contrast, the film bladed with LP had a uniform thickness of 
~0.65 m (Figure 4.5 b). The photographic image for the blade-coated films in Figure 4.5 f 
clearly shows that the films with LP surfactant is much smoother than the control films. The 
surface roughness profiling of the film bladed with LP additive over a 1 cm length scale 
presented in Figure 4.5 g gives a root-mean-square (RMS) roughness of 14.5 nm, which is 
one order of magnitude smaller than that of the control film. For a completed device, any pin-
holes in the perovskite layer would increase leakage current (dark current). The compactness 
of the film with surfactant was evidenced by a very small leakage current density below 100 
nA/cm2 at -0.4 V bias for a 1 cm2 perovskite solar cell, which is comparable to spin-coated 
perovskite device with smaller area (Figure 4.6). 
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Figure 4.6 Dark current of an as-fabricated 1 cm2 perovskite solar cell.93 (Reproduced by 
permission of SpringerNature) 
4.2.3 Wetting improvement by surfactants additives 
De-wetting of perovskite solution is another challenge that prevents the deposition of 
uniform perovskite films by blading, especially on hydrophobic poly(bis(4-phenyl) (2,4,6-
trimethylphenyl) amine (PTAA) covered indium tin oxide (ITO) substrates which is needed 
for high efficiency devices.124 The perovskite solution firstly spread over the substrate by the 
blade, but shrunk quickly during drying, leaving most area uncovered after drying (Figure 4.7 
a, left).  
To better understand the process, we monitored the drying of a perovskite ink droplet 
(~0.5 l, 0.125 M MAPbI3/DMF) on hydrophobic substrate under ambient condition (Figure 
4.7 b). During the evaporation of solvent, the droplet volume decreased, and the contact line 
(the edge of the droplet) moved with the coverage (defined by the projected area of droplet on 
substrate during drying versus that at the beginning) reducing to 25% (Figure 4.7 d).  
 
 
Figure 4.7 (a) Blade coated perovskite films on hydrophobic substrates without (left) and with 
LP surfactant (right). (b)-(c) The drying processes of perovskite ink droplets (~0.5 l, 0.125 M 
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MAPbI3/DMF) on hydrophobic substrates under ambient condition without and with LP 
surfactant, respectively. The scale bars are 0.5 mm. (d) The evolution of coverage of perovskite 
droplets during drying. (e) Schematic illustration for the shrinkage of the ink droplet drying on 
hydrophobic substrate. (f) Schematic illustration for surfactant pinning effect.93 (Reproduced 
by permission of SpringerNature) 
The non-wetting problem was solved when LP surfactant was blended into the 
perovskite solution (Figure 4.7 c). The coverage of the droplet remained almost 100% during 
the whole drying period. The contact line was strongly “pinned” onto the substrate. The 
pinning effect is commonly observed with hydrophilic substrate, but not hydrophobic 
substrate.131 Therefore, it indicates that surfactant effectively modified the ink/substrate 
interface and improved the affinity of perovskite ink to hydrophobic substrate, as is 
schematically illustrated in Figure 4.7 e and f.132, 133 The bladed perovskite films with LP 
surfactant additive could easily achieve full coverage on the PTAA/ITO/glass substrate, as 
shown in Figure 4.7 a, right. The wetting improvement was also observed with other type of 
surfactants (Figure 4.8). 
 
Figure 4.8 Photographic images of blade coated perovskite films on non-wetting substrates 
without and with different surfactants.93 (Reproduced by permission of SpringerNature) 
4.2.4 Small area device fabrication and characterizations 
The performances of perovskite solar cells made by the surfactant assisted blade coating 
are presented in Figure 4.9. The device structure is indium tin oxide (ITO) 
/PTAA/MAPbI3/fullerene (C60)/ Bathocuproine (BCP)/Cu. A device with small area of 7.5 
mm2 has short circuit current density (JSC) of 22.4 mA/cm
2, open circuit voltage (Voc) of 
1.12 V and fill factor (FF) of 81.0% under one sun simulated illumination, giving a power 
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conversion efficiency (PCE) of 20.3% (Figure 4.9 a). The integrated JSC of 22.6 mA/cm
2 
from external quantum efficiency agrees with JSC from J-V scanning measurement (Figure 
4.9 b).  
 
Figure 4.9 J-V curves (a, c) and EQE spectrum (b) of as-fabricated blade coated perovskite 
solar cells with LP, Tween 60, and DDAB surfactant additive.93 (Reproduced by permission of 
SpringerNature) 
Devices fabricated with Tween 60 and DDAB as surfactant additives showed lower 
efficiency around 18.0%, but still higher than our previous best results based on MAPbI3 
without surfactant (Figure 4.9 c and d). It confirms that there are two functions of LP 
surfactant: improving film quality by its surfactant nature and passivating perovskite defects 
by its functional groups.130  
4.2.5 Perovskite solar module design and fabrication 
The surfactant assisted blading method was also evaluated for fabricating large area 
photovoltaic modules because of its scalability. To achieve a high efficiency module, the 
entire large area film is required to be defect-free. One single pin-hole may cause the shunt of 
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a sub-cell, which dramatically reduces the performance of the module. Therefore, a module 
that retains the high efficiency of small area cells is an excellent demonstration of high 
quality of the large area perovskite film.  
Figure 4.10 illustrates the design of a solar module with a typical size of 150 mm 150 
mm. A module is composed of an array of sub-cells in long strip shape. Each sub-cell is a 
single solar cell that can work independently. Their width are typically several centimeters. 
The gap between each sub-cell is typically below 1 mm. Such module design is due to the 
limited conductivity of ITO. If a single large area cell is made, the photocurrent needs to 
transport in ITO for a long distance before it is collected by external circuit. The large 
resistance of ITO then leads to dramatic decrease in FF. Moreover, as device size increases, 
the photocurrent increases as well, exerting further loss from ITO resistance.134 Therefore, a 
practical and scalable strategy for solar module is to section a large area device into many 
small-sized “sub-cells” connected in series, as shown in Figure 4.10a, to mitigates the ITO 
resistance induced efficiency loss.135 The section and series connection of sub-cells is 
achieved by classical p1-p2-p3 lines, as shown in Figure 4.10b. p1 and p3 are for sectioning 
each sub-cells, and p2 is for series connection of adjacent sub-cells. The photocurrent 
transport through p1-p2-p3 is shown by arrows. The fabrication process of p1-p2-p3 structure 
will be discussed in the following. In real fabrication, the sectioning is done by laser or 
mechanical scribing. Due to the processing resolution and the requirement for small enough 
contact resistance across the scribed area, scribe line is usually around several hundred 
micrometers wide (Figure 4.10b).85, 86 For a solar module, the total area is composed of sub-
cell area that is generating power, and non-working scribed area. To quantify the ratio of 






Where W2 is the width of sub-cell and W2 is the width of scribed line. Because W2 is 
determined by practical fabrication resolution, GFF is mainly dependent on W1. Increasing 
the sub-cell width will increase GFF, and then the amount of solar irradiance absorbed. 
However, increasing the sub-cell width also increase the ITO sheet resistance that reduces 
efficiency. Therefore, there is a tradeoff between increasing sub-cell area and reducing ITO 
resistance. That is, there is an optimal value for the width of sub-cell, i. e. W1. 
 
Figure 4.10 Schematic illustration of a perovskite solar module design from plane view (a) and 
cross-sectional view (b). 
The optimal value of W1 is dependent on many factors including scribe line width (W2), 
ITO sheet resistance (Rsh), small area solar cell’s photocurrent density (Jmpp) and 
photovoltage (Vmpp) at maximum power output point (MPP), etc. Here the small area solar 
cell means the device area is so small that the PCE loss from ITO resistance can be ignored. 
Then, if contact resistance is not considered, the relative PCE loss when transferring from 









The simulated results are shown in Figure 4.11 with different small area device 
parameters (Jmpp and Vmpp), sheet resistance (Rsh), and scribed area width (W2). Most of them 
need to be obtained by experiments. Here the values are based on approximate values for 
typical perovskite solar cells with PCE of 21%. One can see that the sub-cell width (W1) is 
roughly between 6-8 mm with relative PCE loss to be around 5-10%.  
Conversely, the simulated results can be a guideline for us to know which parameters in 
addition to W1 need to be engineered. For example, as shown in Figure 4.11a, despite having 
the same PCE (21%), the larger the voltage output (Vmpp) of the small area cell the smaller 
PCE loss will be for the module with the same ITO sheet resistance and scribe line width. 
Similarly, for given small area cell parameters and ITO sheet resistance, the smaller scribe 
line the smaller the PCE loss (Figure 4.11b), given that the contact resistance from the 
scribed line is small enough so that it does not change with scribed line width. Also, the sheet 
resistance has an important impact on module efficiency. The smaller the sheet resistance is, 
the smaller the PCE loss will be, as is shown in Figure 4.11c. But this simulation assumes 
that ITO with different resistance have the same transparency so that the small area solar cell 
parameters will not be affected. However, the sheet resistance generally decreases as 
transparency increases if one simply increases ITO thickness. Improving ITO conductivity by 
composition and crystallinity engineering without reducing transparency will be the key to 
obtain ideal ITO electrode for efficiency solar module fabrication.  
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Figure 4.11 Simulated efficiency loss of perovskite solar modules as a function of sub-cell 
width (W1) under different situations. (a) Different small area solar cell parameters. (b) 
Different scribe line width (W2). (c) Different sheet resistance of ITO. 
The we fabricated perovskite solar modules by film deposition and laser scribing. The 
scribing of solar module is done with a Resonetics Rapid X250 system with a pulsed laser at 
193 nm. The scribing includes totally 3 steps to complete module fabrication, as shown in 
Figure 4.12. For the first step, the ITO/glass is scribed by laser to section a large area ITO 
sheet on glass substrate into array of long trips of ITO. Then the photoactive 
PTAA/perovskite/C60/BCP stacking layers are deposited on the pattern ITO substrate 
sequentially by solution coating and vacuum deposition. For the third step, laser scribing is 
performed again to selectively remove part of photoactive layer and expose the underneath 
ITO electrode. Then metal electrode is thermally evaporated in step 4. ITO and metal 
electrode contact to each other at p2 line. Finally, laser scribing is performed to remove metal 
electrode along p3 line to complete module fabrication. One can see that for a successful 
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fabrication, cautions need to be taken in laser scribing processes. For step 3, the photoactive 
layer needs to be fully removed so that the contact resistance of ITO/metal will be as small as 
possible. But at the same time the ITO layer needs to remain intact to ensure high 
conductivity. Therefore, for step 3, one need to tune the laser power carefully to remove 
photoactive layer without damaging ITO layer. In an ideal case, green laser can be used 
which will be absorbed by photoactive layer but is transparent to ITO layer so that higher 




Figure 4.12 (a)-(e) Fabrication steps of a perovskite solar module, highlighting 3 steps of laser 
scribing. (f) Optical microscopic image of an as fabricated p1-p2-p3 area.93 (Reproduced by 
permission of SpringerNature) 
Here, the p1-p2-p3 width (W2) is found to be approximately 0.43 mm, as shown in 
Figure 4.12f. Combining this parameter with the average Jmpp and Vmpp of the small area 
solar cells by blade coating (20 mA/cm2 and 0.95 V, respectively) and the sheet resistance of 
ITO (10 /sqr), one can calculate the optimal W1+W2 to be around 6.5 mm. Therefore, the 
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geometrical fill factor is 93.8%. The detailed module design of sub-cell dimension and 
number of sub-cells are included in Table 4.1.  
Photos of a perovskite solar module fabricated on a 6×15 cm2 sized glass substrate are 
shown in Figure 4.13a and b. The photocurrents of modules with aperture area of 33.0 cm2 
and 57.2 cm2 show minor hysteresis with different bias scanning directions under one sun 
simulated illumination (Figure 4.13c). To provide a better evaluation of as-fabricated 
modules with respect to regular perovskite single cells, the module PCE, FF, and sub-cell 
equivalent JSC and VOC based on I-V curves in Figure 4.13c are included in Table 4.1 as well. 
The stabilized photocurrents of the two modules at their respective maximum power output 
point are shown in Figure 4.13d, giving stabilized PCEs of 15.3% and 14.6%, respectively. 
Figure 4.13f summarized the device efficiencies of the bladed cell and modules with different 
aperture areas, which shows the bladed devices maintained relatively high efficiencies when 
the aperture area is increased by two orders of magnitude, confirming the excellent quality of 
the perovskite films over large area formed by this method. Figure 4.13f also includes the 
reported best efficiencies of perovskite modules with different aperture areas fabricated by 
different methods, which shows that the modules reported in this work have the highest 
efficiencies. Considering a coating speed of 50 mm/s (180 m/h), and a PCE of 15.0% for the 
module, the surfactant additive assisted scalable coating should in principle allow an annual 
production capacity of 236 MW with a 1 m wide roll-to-roll manufacturing line. A 
preliminary stability study of the as-fabricated module shows no degradation of the PCE after 
over 20 days of storage in inert atmosphere (Figure 4.13e). 
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Figure 4.13 Photographic image of a perovskite solar module viewing from glass side (a) and 
top electrode side (b). (c)-(d) I-V scanning curves and stabilized photocurrent output at 
maximum power point of modules with aperture area of 33.0 cm2 and 57.2 cm2. (e) Shelf 
stability of an as-fabricated perovskite solar module stored in N2 glovebox. (f) Power 
conversion efficiency of perovskite solar cells as a function of aperture area from this work and 
representative most recent reports.93 (Reproduced by permission of SpringerNature)  
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33.0 0.653.0 17 19.5 1.07 72.1 15.0 Reverse 
19.0 1.06 70.5 14.2 Forward 
57.2 0.655.5 16 20.3 1.07 68.9 15.0 Reverse 
20.2 1.06 66.1 14.2 Forward 
The PCE, FF, and sub-cell equivalent VOC and JSC statistics of 8 modules with aperture area 
of ~57.2 cm fabricated from 4 batches are presented in Figure 4.14, showing a good 
reproducibility of the method. It should be noted that perovskite films were coated outside of 
clean rooms and in air. 
 
Figure 4.14 PCE, FF, and sub-cell equivalent VOC and JSC statistics of 8 modules with aperture 
area of ~57.2 cm fabricated from 4 batches.93 (Reproduced by permission of SpringerNature) 
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4.3 Conclusions 
In summary, we have demonstrated that surfactant additives of ~20 ppm in perovskite 
ink can significantly improve the blade coating quality of perovskite films at a high coating 
speed of 180 m/h. Perovskite solar cells and large area modules with high efficiencies were 
demonstrated. The mechanism studies revealed that surfactant effectively suppresses the 
solution flow dynamics in the drying ink layer and yields full-coverage coating by improving 
the adhesion of perovskite ink to hydrophobic substrates. Some surfactants could further 
improve device performance because of their passivation effect. Therefore, the surfactants 
could be a kind of general additives in perovskite inks for improving perovskite film quality 




CHAPTER 5: High speed, room temperature blade coating of perovskite films 
5.1 Motivation 
Fast and safe deposition of perovskite films is critically important for perovskite solar 
panels to be economically competitive. Deposition at ambient conditions is preferred, 
because it allows easy integration into mature industrial processes such as the roll-to-roll 
process and reduces safety issues when flammable solvents are involved. However, from a 
material growth kinetics point of view, rapid crystallization at low temperature generally 
results in perovskite films with low crystallinity, high defect density, and small grains, which 
reduce both efficiency and stability of perovskite solar cells. As a matter of fact, slower 
and/or higher temperature film growth have generally been applied to grow perovskite thin 
films with high crystallinity and large grain size, such as Ostwald ripening,136 thermal 
annealing,137 solvent annealing,138 and light sintering of perovskites.139  
Here, to reconcile the conflict between fast-deposition induced low crystallinity and the 
need for large-grains with high crystallinity for high efficiency and stability, a strategy is 
proposed to decouple the solid film formation and perovskite crystallization processes in the 
blading process (Figure 5.1a and b). The aim is to coat perovskite films at speeds 
approaching and over 100 millimeters per second (mm/s) at room temperature and further 
promote the efficiency of perovskite modules. It is anticipated that due to the very fast 
blading speed and low deposition temperature (room temperature), the perovskite ink would 
not dry immediately. A thin solution sheet will be formed right after the blade. To accelerate 
the drying of the liquid layer at room temperature, a nitrogen knife (N2-knife) is introduced 
after the blade with a fixed distance to apply a N2 flow. The solvents for the perovskite ink in 
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this work will be mixtures of volatile, non-coordinating solvents (VNCS), and non-volatile, 
coordinating solvents (NVCS). Coordinating capability of solvents refers to the strength of 
the bonding between the solvents and perovskite precursors, particularly with Pb2+. Strong 
bonding to Pb2+ by NVCS results in solid-state intermediate phase formation. VNCS will be 
the main solvent which quickly evaporate during the blading process even at room 
temperature accelerated by N2 blowing. The quick evaporation of working solvent would 
allow the formation of smooth perovskite films at a high speed and at room temperature but 
results in small grain size. To improve the perovskite crystallinity, into the ink NVCS as 
additives will be added, which would stay temporarily in the as-coated film in the form of 
intermediate phase with perovskite precursors (Figure 5.1b). The following slower release of 
NVCS under a mild annealing process will give more time and lower energy barrier for the 
perovskite crystalline grains to grow into large sizes.  
 
Figure 5.1 (a) Schematic illustration for N2-knife-assisted blade coating of perovskite films at 
high speed (e.g. 99 mm/s) at room temperature using coordination tailored ink. Inserts: 
photograph images of as-coated ink, perovskite/intermediate film, and perovskite film. (b) 
Schematic illustration showing the drying of ink into perovskite/intermediate film and full 
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crystallization of perovskite film. VNCS: volatile non-coordinating solvent. NVCS: non-
volatile coordinating solvent. 
5.2 Experiments and results 
5.2.1 Identification of solvent coordinating ability 
We first studied the coordinating ability of dimethyl sulfoxide (DMSO), 
dimethylformamide (DMF), γ-Butyrolactone (GBL), 2-Methoxyethanol (2-ME),140 and 
acetonitrile (ACN)141 to MAPbI3. DMSO and DMF can dissolve PbI2 due to their strong 
coordination to Pb2+ ions,142 while GBL, 2-ME and ACN cannot dissolve PbI2 unless MAI is 
added. (Figure 5.2a) We speculate that MAI is first dissolved and only then is PbI2 dissolved 
through I- coordination to Pb2+ ions by the formation of PbI3- complexes, whose characteristic 
absorption peak at 390 nm is observed for GBL, 2-ME and ACN:2-ME solutions (Figure 
5.2b).142, 143 In contrast, much weaker PbI3- absorption is present in DMF and DMSO based 
solutions. ACN:2-ME mixed solvent was used here instead of pure ACN solvent, because the 
solubility of MAPbI3 in ACN is much lower (<0.1 M) than in the other solvents. The above 
experiment indicates that DMSO and DMF have strong coordination capability to Pb2+, while 
GBL, 2-ME and ACN:2-ME have no or much weaker coordination capability. Since the 
ACN:2-ME mixed solvent exhibits “non-coordinating” behavior, we can assign ACN as a 
“non-coordinating” solvent as well. Besides, we observed that 2-ME or ACN:2-ME mixture 
solvent exhibits inverse temperature solubility, which phenomenon was also observed in 
GBL but not in DMF and DMSO.50, 144 It further indicates a weaker coordination ability of 
GBL, 2-ME or ACN than MAI to Pb2+ so that MAPbI3 can precipitate out of the solvent at 
elevated temperatures. Donor number DN was proposed as a figure of merit to describe 
solvent’s coordination ability to Pb2+.45 The DN of I- ions measured in 1,2-dichloroethane is 
28.9 kcal/mol, which is comparable to that of DMF and DMSO but much larger than 2-ME, 
ACN, GBL, being consistent with our results here.145, 146 The DN versus vapor pressures of 
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the five solvents are plotted in Figure 5.2c, which shows that 2-ME and ACN can function as 
VNCS, and DMSO can be chosen for NVCS. 
 
Figure 5.2 (a) Photograph images showing dissolution of PbI2: MAI=1:1 and PbI2 alone by 
GBL, 2-ME, ACN, DMSO and DMF solvents at nominal mole concentration of 1 M. (b) UV-
vis absorption spectra of MAPbI3 solutions prepared from different solvents. (c) Vapor pressure 
and donor number (DN) of the five solvents studied and DN of iodide ion. Scanning electron 
microscopy images of as-coated films from different solvents. 
5.2.2 Room temperature N2 knife assisted blade coating with different solvents or solvent 
mixtures 
We then studied room temperature N2-assisted blade coating of perovskite films using 
VNCS, NVCS, or a combination of the two. We observed that the films coated from 2-ME 
and ACN:2-ME (3:2 volume ratio) turn black right after coating with pure perovskite phase, 
as evidenced by X-ray diffraction patterns (XRD) in Figure 5.3. In contrast, when DMSO or 
DMF is used as solvents, the films remain wet and require several to tens of minute to dry at 
room temperature with strong XRD peaks of intermediate phase below 10 due to their strong 
coordination to perovskite precursor materials.147-149 It should be noted that the drying of 
GBL based solution is also slow, but the as-dried film only shows pure perovskite phase due 
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to its low coordination ability as that of 2-ME and ACN. SEM images of the obtained 
perovskite films are shown in Figure 5.3 c and Figure 5.4 c. The perovskite films coated from 
solutions using 2-ME or ACN:2-ME solvents are much more compact and uniform, as 
compared to the films coated from DMSO, DMF or GBL, although the perovskite grain size 
is only several hundred nanometers. The cross-sectional SEM images of these films (Figure 
5.4 d) show that these perovskite films have poor physical contact to the PTAA-coated ITO 
substrate, evidenced by the large voids in between layers. The formation of voids can be 
explained by earlier solidification at the top of the solution.  
 
Figure 5.3 (a) XRD spectra of as-coated perovskite films from different solvent or solvent 
mixtures. (b) Maximum coating speed for obtaining high quality large area perovskite films 
when different solvents are applied in N2-knife assisted blade coating process. (c) SEM images 
of perovskite films prepared with different solvent or solvent mixtures. 
Upon adding a small amount of NCVS (DMSO) into the VNCS hosting solvent, the as-
coated films (within several hours after blading) are composed of both intermediate phase 
and perovskite phase based on its brown-color appearance (Figure 5.1 a) and XRD spectrum 
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(Figure 5.3a). After annealing at 70 C for 1 min, the mixture films transform into the pure 
perovskite phase. These perovskite films have stronger and sharper XRD peaks than those 
formed without DMSO, with full width at half maximum (FWHM) of (110) peak narrowed 
down from 0.104 to 0.089 (Figure 5.4a and b). SEM images in Figure 5.4c shows that these 
films are compact and have a large grain size of 1-2 m in the lateral directions. The cross-
sectional SEM images in Figure 5.4d show that DMSO addition gives the perovskite film 
good physical contact to the underlying substrate. Replacing DMSO with GBL results in 
much smaller grain sizes, proving that it is the coordinating ability rather than the low 
volatility of DMSO that improves perovskite crystallinity. The intermediate phase formed 
with coordinating solvents has a larger lattice constant and more solvent, which should allow 
faster ion transport and therefore a more efficient ripening process during annealing yielding 
larger grain size.150 
 
 
Figure 5.4 (a) and (b) XRD spectra of annealed perovskite films prepared with different solvent 
mixtures. (c) SEM images of perovskite films prepared with or without DMSO. (d) Cross-
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sectional SEM images of perovskite films prepared with or without DMSO. 
Figure 5.3 b summarizes the allowed blade coating speed to form high quality perovskite 
films with N2-knife-assisted blading method using different solvents or solvent mixtures. The 
N2-knife was operated under pressures below 20 psi. “High quality” refers to being uniform 
and pin-hole free for module fabrication. Pure DMSO as the solvent requires a very slow 
coating speed below 2 mm/s. The coating speed can increase to 40 mm/s with 2-ME as the 
main solvent. With the addition of ACN at a volume ratio of 3:2 for the ACN:2-ME mixed 
solvent, the coating speed is further increased to 99 mm/s, which is the upper limit speed of 
the blade coater. This is twenty times faster than a recently reported N2-knife-assisted 
method. Photographic image of a bladed MAPbI3 film on a flexible Corning glass with area 
of 225 cm2 is shown in Figure 5.5.  
 
Figure 5.5 Photograph image of an as-coated perovskite film on 15×15 cm2 flexible substrate. 
5.2.3 Perovskite solar modules fabrication and characterizations 
We fabricated perovskite modules using the blade-coated perovskite films. The device 
structure is indium tin oxide (ITO)/poly(bis(4-phenyl) (2,4,6-trimethylphenyl) amine 
(PTAA)/MAPbI3/fullerene (C60)/Bathocuproine (BCP)/Metal cathode. Here the PTAA layer 
was also blade-coated, and other layers were deposited by thermal evaporation. Small area 
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single cells could reach high PCE of 21.3% with VOC of 1.13 V, JSC of 23.0 mA/cm
2, and FF 
of 81.8% (Figure 5.6a). This is best reported device performance for MAPbI3 based devices, 
regardless of the fabrication methods, highlighting the advantage of blading method reporting 
here. We then fabricated large area solar modules. The I-V curves for a champion module 
under one sun illumination with aperture area of 63.7 cm2 are shown in Figure 5.6b, which 
have little hysteresis. The VOC, JSC, FF and PCE values are summarized in the inserted table. 
The efficiency statistics of 18 modules fabricated consecutively are summarized in Figure 
5.6c. Approximately 90% of the modules have efficiencies of 15%-17%, showing the highest 
reproducibility among perovskite module fabrication methods so far.93, 151 The long-term 
operational stability of an encapsulated perovskite module is presented in Figure 5.6d. The 
module was loaded at MPP and its PCEs were measured periodically. After illumination for 
over 1000 h under 1 sun equivalent light intensity (no UV filter), the module retained 87% of 
its peak efficiency of 15.8%. This is the best stability reported for perovskite modules under 
real operational condition with PCE above 12%. 
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Figure 5.6 (a) J-V curve of a small area perovskite solar cell fabricated with N2-assisted room 
temperature blade coating method. (b) I-V curve of the champion perovskite module. (c) 
Distribution of efficiencies of 18 modules fabricated consecutively. (d) Long term operational 
stability of an encapsulated perovskite module loaded at maximum power point under 1 sun 
equivalent illumination. 
We investigated device uniformity along lateral direction (parallel to blade coater) and 
coating direction, as are shown in Figure 5.7a. The results show that the distribution of device 
efficiencies is rather uniform in both lateral (as for each sub-cell, Figure 5.7b) and coating 




Figure 5.7 (a) Schematic illustration showing the device’s performance uniformity 
measurement over a perovskite module in lateral direction and coating direction. (b) 
Normalized PCE of each sub-cell in a perovskite module. (c) Normalized PCE of seven regions 
from one of the central sub-cells in a perovskite module.  
We sent 5 modules to National Renewable Energy Laboratory (NREL) for certification. 
All of them have stabilized efficiencies above 15.9%, and the champion efficiency is 16.4%, 
which is a record of all reported perovskite modules with comparable area. (Figure 5.8). It is 
noted that the certification was conducted by stabilizing the module around maximum power 
point (MPP) for 1 hour.  
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Figure 5.8 Certification of a 1-h stabilized 16.37% efficiency perovskite solar module 
measured with an aperture area of 63.7 cm2 by national renewable energy laboratory (NREL). 
A ~360 cm2 submodule with 5-6 W power generation capability is shown in Figure 5.9, 
which matches the power output of an iPhone charger. 
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Figure 5.9 Photograph image of a ~10×36 cm2 perovskite submodule. A quarter coin is placed 
at the edge for scale. It can be used for charging an iPhone even on a cloudy day. The output 
voltage is converted to ~5 V to meet the requirement of iPhone battery. 
Temperature coefficient βPCE is an important parameter that characterizes the module 
efficiency under real working conditions, where the temperature can easily rise to above 50 
C. As temperature increases, the number of thermally excited carriers increases that lead to 
increased saturated dark current, and then reduced VOC and efficiency.
152 The Voc reduction 
and resultant efficiency loss at higher temperature are a basic phenomenon for any solar cells 
and are due to the increased dark current. In principle, once temperature is reduced back to 
room temperature, Voc and efficiency will recover. One can refer to related references (e.g. 
Solar Energy Materials and Solar Cells, 2015, 140: 92-100.) for detailed explanation.  








where n is ideality factor, kT/q is thermal voltage, IL is photocurrent. As temperature 
increases, I0 increases by several orders of magnitude, due to increased number of thermally 
excited carriers, while IL remains almost constant, so that VOC drops. It also explains why 
solar cells with larger bandgap tend to have smaller relative VOC drop. Because the number of 
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thermally excited carriers reduces with increasing bandgap.  
Under AM1.5 G illumination, the measured temperature coefficient of the perovskite 
module in the temperature range of 25 C to 85 C is -0.13%/C (Figure 5.10). The efficiency 
loss mainly comes from VOC which has the same coefficient (βVoc) of -0.13%/C, while FF 
and ISC remain nearly unchanged (Figure 5.10c). The efficiency of the module remains to be 
the same as that before testing when the temperature was reduced to 25 C, excluding 
degradation of the perovskite modules.  
This temperature coefficient is smaller than that of CdTe (-0.28%/C), CIGS (-
0.32%/C) and c-Si (-0.44%/C),153 as solar cells with larger VOC but comparable Eg/q-VOC 
deficit generally have smaller βPCE. The low temperature coefficient of perovskite modules 
makes them even more efficient than silicon modules under real operation temperatures 
above 55 C (Figure 5.10d). 
 
Figure 5.10 (a) J-V scanning of a perovskite module measured under simulated one sun 
illumination at different temperatures. (b) Stabilized efficiencies of the perovskite module at 
different temperatures, showing both the device performance and temperature are stabilized 
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before temperature coefficient is determined. (c) Averaged VOC of perovskite modules 
measured at different temperature from 25 C to 85 C with a fitted temperature coefficient of 
-0.13%/C. (d) Averaged power conversion efficiencies of perovskite modules measured at 
different temperature from 25 C to 85 C with a fitted temperature coefficient of -0.13%/C. 
The efficiency of a typical silicon module in the market is also added for reference, which has 
an efficiency of 17% at 25 C and a temperature coefficient of -0.44%/C. 
Shading effect is another important factor that limits PV module performances in real 
applications. The shaded sub-cells block the photocurrent of the whole module when sub-
cells are connected in series. The shaded sub-cells could be burned by the bias generated 
from other sub-cells to resume photocurrent output. Silicon solar modules have large 
breakdown voltages over 15 V, and CdTe and CIGS solar modules have lower breakdown 
voltage below 10 V.154 More than 50% of power for those solar modules is lost after 
breakdown even with shading area of only ~10%.155, 156 Besides, the breakdown results in 
permanent damage to CdTe and CIGS modules and PCE loss of 4%-14% after 20 s of 
shading.157, 158 Here, we mimicked the extreme case that one sub-cell in the module was 
entirely shaded while all other sub-cells were exposed to one-sun illumination (Figure 5.11a). 
The breakdown of the shaded sub-cell was observed during MPP tracking over 2-4 minutes 
(Figure 5.11b). After breakdown, the module resumes its power generation with a small 
power loss of 6.0 relative % (Figure 5.11c), which is proportional to the nominal area 
reduction (6.25%). This means that the shaded sub-cell does not negatively affect the 
remaining sub-cells in the perovskite module. To evaluate the damage, one module was 
shaded for 4 minutes. The module recovered almost 100% of its original power output when 
shading was removed, indicating no permanent damage (Figure 5.11c). We performed >50 
cycles of shading/de-shading on the same sub-cell of a module. A slight reduction of PCE 
from 15.7% to 15.1% is observed after the first 20 cycles, and then the module PCE stabilizes 
in the following cycles (Figure 5.11d and e). A recent study on reverse bias behavior of single 
perovskite solar cell pointed out that ion migration would induce tunneling breakdown.154 
The lack of permanent damage after recovery and low breakdown voltage of ~0.4 V support 
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this mechanism. Ion migration is a unique property in halide perovskites, which explains why 
perovskite solar modules have such superior shading tolerance relative to other commercial 
PV modules.  
 
Figure 5.11 (a) Schematic illustration showing the shading experiment on a perovskite solar 
module. (b) The photocurrent output biased at the original maximum power point (13.2 V bias) 
before and after shading was applied, and after shading was removed. (c)-(d) I-V curves of 
perovskite modules with one sub-cell going through one and 58 cycles of shading/de-shading. 
(e) Efficiencies of a perovskite module with one sub-cell going through 58 cycles of 
shading/de-shading. The inset shows schematically how shading is applied over one sub-cell.  
5.3 Conclusions 
In summary, we have demonstrated fast blade coating of large area perovskite films at 
room-temperature. Using volatile host solvents allows for quick formation of compact 
perovskite films with the assistance of N2-knife. The added coordinating solvents slowly 
release from the as-coated solid film, giving enough time for the perovskite grains to grow 
into large sizes with high crystallinity. A coating speed as high as 99 mm/s has been realized, 
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yielding perovskite modules with a certified stabilized PCE of 16.4% with aperture area of 
63.7 cm2. The as-fabricated modules also show superior temperature and shading effect 
tolerance compared to commercialized PV technologies including silicon, CdTe, and CIGS, 





CHAPTER 6: Conclusions 
Perovskite solar cells have shown rapidly increasing power conversion efficiency as 
well as stability, thanks to the superior optoelectronic properties of perovskite materials, 
including large absorption coefficient, efficient charge carrier dissociation, long carrier 
diffusion length, etc. The bandgap tunability, softness, defect tolerance, and other valuable 
properties of perovskite materials make them promising candidate for various photovoltaic 
applications, including light-weight, flexible solar panel, space solar panel, tandem solar 
cells, building integrated photovoltaics, etc.  
The next big challenge before perovskite commercialization is their scalable fabrication. 
To date, most achievements of perovskite solar cells have been realized with lab-scale 
fabrication method, specifically, spin-coating. This method is intrinsically non-scalable and 
therefore alternative methods need to be established. Our study found out that the biggest 
challenge for scalable fabrication comes from the solvents for perovskite. As ionic materials, 
perovskite materials’ solvents generally have high polarity. This leads to high surface tension 
and low volatility of perovskite solutions, being disadvantageous for scalable continuous 
solution coating, such as gravure coating, slot die coating, blade coating, spray coating, etc. 
The as-coated perovskite solution sheets on to the substrates usually require long time to dry. 
If one performs high speed blade coating (> 10 mm/s), which is desired for high throughput 
fabrication, a thin solution sheet will be obtained after blade coating before it dries. During 
the drying period, the strong solution flows in the thin solution sheet lead to non-uniform 
deposition of perovskite precursor materials, and then finally highly discontinuous films. The 
driven forces for the solution flows are not fully understood, but should be contributed by 
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surface tension variation, temperature variation, evaporation, or a combination of these 
factors. In addition, the strong coordinating ability of perovskite solvents usually inhibit 
perovskite crystallization, especially at room temperature. Upon solvent evaporation, solvent 
molecules participate in the crystallization of perovskite precursor materials to form so-called 
“intermediate phases”. Such intermediate phases are double-sided sword. The big crystals of 
intermediate phase developed in a slow drying process lead to highly rough and porous 
structure. Perovskites crystallizing from the intermediate phases by annealing will follow the 
bad morphology, being harmful for solar cells. On the other hand, suitable amount of 
intermediate phase formed from a fast drying process with a compact and smooth 
morphology will leave behind perovskite film after annealing with the same morphology as 
well as improved crystallinity, being desirable for solar cells. 
In face of above challenges in scalable perovskite solution coating, the first strategy we 
used is to increase the solution coating temperature (typically >120 C). By doing so the as-
coated solution sheets dry much faster, leaving behind much more continuous, compact 
perovskite films, as outlined in Chapter 2. However, high temperature also leads to enhanced 
solution flow, presumably due to enhanced evaporation and thermal convection. Island 
structure is observed, giving high roughness of blade coated perovskite film. The difference 
in light absorption and charge transportation at different location of a film due to different 
thickness will lead to highly non-uniform photovoltaic performance over a large area solar 
panel. The high roughness will also increase the chance of pin-holes at regions where 
perovskite film is thin. Pin-holes will cause enhanced charge recombination and even short 
circuit, being detrimental for efficient solar panels. 
We then used in-situ optical microscopy to study the formation mechanism of such 
“island” structure, as shown in Chapter 4. We observed that those structure are formed due to 
microscale localized solution flows towards the nucleation sites in the solution sheet upon 
77 
solvent evaporation. We further observed that by adding surfactant additives into the 
precursor solution, such solution flows are greatly suppressed. We noticed that surfactant 
changes the surface energy of perovskite solution and speculated that the Marangoni effect, 
which describes the phenomenon of surface energy change induced solution flow, caused by 
surfactant’s non-uniform distribution over the solution sheet surface due to original solution 
flow, counteracts the original solution flow and finally suppress it. As a result, smooth, 
compact perovskite film is obtained by a high temperature (145 C) and high speed (50 
mm/s) blade coating process.  
We further spent more effort on engineering the solvents for perovskite materials. We 
found that a group of “non-coordinating” solvents, which are usually more volatile than 
common coordinating solvents, are promising for high speed solution coating of perovskite 
film. The dissolution mechanism of non-coordinating solvents to perovskite precursor 
materials is quite different from coordinating solvents. Non-coordinating solvents dissolve 
perovskites through solely Pb2+-I- coordination. I- ions are from perovskite precursor 
materials, but not the solvent. While for coordinating solvent, the dissolution is mainly 
through Pb2+-solvent coordination. The high volatility while low coordinating ability of non-
coordinating solvents lead to fast drying and perovskite crystallization, even at room 
temperature. Under the assistance of a N2 knife blowing at moderate pressures below 20 psi, 
compact, smooth perovskite films can be blade coated at high speed over 99 mm/s. The 
drawback of such non-coordinating solvents is that they lead to poor crystallinity of 
perovskite film and a poor contact to substrate, due to their fast evaporation and quick film 
formation process. Therefore, we introduced a small amount (<2% v/v) of common non-
volatile, coordinating solvent into the volatile non-coordinating solvent system. By doing we 
didn’t sacrifice the advantages of fast drying and quick film deposition, but we also retarded 
crystallization of perovskite due to the coordinated solvent at room temperature. Upon 
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annealing after blade coating, the perovskite films’ crystallinity is dramatically improved and 
their contact to substrate is improved as well. We obtained perovskite solar module with high 
efficiency of over 16.0%, being close to that of commercialized silicon solar module (17-
18%). This ink engineering method here for perovskite solution processing will promote the 
scalable fabrication of perovskite solar panels and related optoelectronics, making their 
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